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E
ngineers who design structures for railroads are often considered more conservative than those who design structures for highways or other facilities. Two explanations may be offered for this observation. First, railroad structures must sustain considerably greater loads than highway bridges or other structures. Also, because there are generally fewer opportunities for detours, rail traffic is likely to be disrupted significantly when a bridge is taken out of service for even a short time. Considering these factors, it is understandable that railroad bridge engineers are cautious about implementing untested or unproven structural techniques.
As far back as the Civil War, and before, railroad bridge engineers built bridges that might not be tried today (Fig. 1) .' However, experience has shown that, given sufficient testing of a new concept, it will not be long before that concept is adopted by the railroad engineer.
While construction was commencing in 1950 on the Walnut Lane Bridge (the first major prestressed concrete bridge to he built in the United States), the Portland Cement Association in September of that year was load testing a prestressed concrete railway trestle slab in their research and development laboratories near Chicago, Illinois. Between 1954 and 1957, railroad engineers took advantage of continued research by the Association of American Railroads and the experience of highway bridge engineers. 3'4 They designed and constructed still longer spans, using primarily slabs and boxes. The structures had waterproofing, ballast and track placed directly on the slab or box. This type of construction was particularly suited for replacement of existing timber trestles with minimum interruption to train operations. An excellent description (together with pertinent design details) of some of the prestressed railroad bridges built in the United States in the fifties is given in Ref. 5 . Fig. 3 [(a) through (g)] shows typical sections of those early bridges.
The early prestressed concrete railroad structures were constructed in spans of 20 to 30 ft (6.1 to 9.1 m), matching existing timber spans. More often than not, these superstructures were supported on prestressed concrete piles driven through the existing track structure, with construction scheduled to minimize interruption of traffic.
The 703 ft (214 in) Salkehatchie River trestle in Yemassee, South Carolina [ Fig, 4 In 1966, the Frisco Railway opened its third trestle using prestressed concrete box girders with the ties resting directly on the boxes. The first trestle, built near Gattman, Mississippi, in December 1963, was a seven-span structure ( Fig. 7) with a total length of 145 ft (44.2 m). It was designed for Cooper's E-65 loading with AREA diesel impact. The box girders are approximately 20 ft (6.1 m) long, 3 ft (0.9 in) wide, and 2 It 9 in. (0.8 m) deep, and are prestressed between precast concrete guide blocks attached to the pier cap by means of an epoxy adhesive. In 1968, the Canadian Province of Saskatchewan constructed its first prestressed box girder railroad bridge for the Albert Street subway project in Regina. A four-span twin railway bridge While not a railroad structure in the true sense, a precast prestressed tunnel provided a solution to constructing a four-lane divided highway over a curved railroad track, with a skew of more than 74 degrees, and at the same F time provided flexibility for future expansion -with no disruption of railroad traffic (Fig. 10) Each section contains 12.5 cu yds (9.6 m') of concrete, 2500 lbs (1134 kg) of reinforcing bar cages, and three posttensioning tendons. The sections were cast on their sides using two-part, custom-built forms with one side fixed and the other movable on rails.
The footings are considerably further apart than needed for tunnel clearances, allowing for installation without using sheeting or delaying train operations. The arch sections were also set without interfering with trains. Fig. 11 shows the tunnel under construction. A laminated neoprene and steel bearing, used at both ends of each girder, performed exceedingly well. A composite cast-in-place, 4000 psi (27.6 MPa) 8½-in. (216 mm) thick concrete deck was placed atop these girders, and No. 5 mild steel reinforcing bars were placed in both directions at middepth of the top slab, Diaphragms were placed on each girder at the bearing point, one-quarter point, and at midspan.
In 1969, the Arizona Department of Transportation awarded a contract for what was then believed to be the world's longest pretensioned concrete box girder for railroad bridges. 10 The two-span structure, which carries the Southern Pacific Railroad's Kyrene Bridge over New Superstition Freeway (Fig. 14) . Fifty-six z-in. (13 mm) 270 ksi (1062 MPa) strands totaling over one mile (1.6 km) in length were used for each girder. Fig. 15 shows the prestressing steel and mild steel reinforcement in place prior to concreting.
The structure was designed by the Arizona State Highway Department's Structure Section, under the direction of Martin Toney, and Ronald Brechler. The boxes were fabricated by TPAC, a Division of the Tanner Companies, for the general contractor, Tanner Bros. Contracting Company of Phoenix. Awarded in the spring of 1969, the completed cost was $50 per sq ft ($538 per m 2 ), a modest sum for railroad bridges even at that time (Fig. 16) . At the same time, the L&N Railroad was renovating a bridge over Charlotte Avenue in Nashville, Tennessee, by using precast prestressed concrete box beams." Since only two of the four tracks could he taken out of operation at one time, the bridge was built in stages. Each stage required an average of only two weeks to complete, an advantage of prestressed concrete. 2 m) deep precast filler beam, also prestressed. The recesses formed by the filler beams provided space for a cast iron drain trough between the tracks. The walkway is isolated from the track superstructure by joint materia,l to prevent transfer of live load stresses. Ballast curbs were formed by the inside edge of the walkway slab and a partial curb cast on the outside track beams at the precasting plant after strand release (Fig. 18) .
All the beams were designed to maximize the use of the standard forms for AASHTO box sections. However, dimensional requirements made it necessary to use special void forms. The structure was designed by Henry Forte, in association with Barge, Waggoner & Sumner, for Metropolitan Government of Nashville, Tennessee; prestressed concrete was supplied by Dixie Concrete Pipe Co., also of Nashville. T he Dixie Road grade separation at the Canadian Pacific Railroad in Mississauga, Ontario, which was opened to traffic in 1969, is composed almost entirely of precast prestressed concrete, allowing most of the major work to be completed in six months despite severe Canadian winter weather (Fig. 19),12 Two spans of precast prestressed box beams, 3 ft (0. shows the retaining wall in place. The panels are supported by 167 precast T-shaped pylons, 3 ft (0.9 m) wide at the front face, 2 ft (0.6 m) wide at the back, and spaced 12 11 (3.7 m) apart (Fig. 21) . A continuous neoprene bearing strip separates the panel from the pylon. Small mull panels sit on top of the pylons between the large panels to complete the wall.
Footings, 6 ft 6 in. (2.0 in) by 6 ft (1.8 m) by 3 ft (0.9 m) deep, were cast and ducts were provided through the pylons and footings to line up with holes drilled into the shale below. Post- tensioning tendons were then fastened into the rock using CCL rock anchors. The Iongest pylons used 18 '/2-in. (13 mm) diameter, 270 ksi (1062 MPa) prestressing strands running through two ducts in each pylon. As the earth was backfilled behind the wall, a prestressing force was applied in three stages, thus serving to reinforce the pylons against bending in addition to providing stability against overturning.
An elevated sidewalk under the bridge consists of vertical precast panels connected at the top to the pylons by 1¼-in. A.B.C. Structural Concrete Ltd., Brampton, Ontario, with posttensioning by Canadian Lift Slab, Ltd., Milton, Ontario, for the general contractor, Armstrong Bros. Co., Ltd., Brampton, Ontario.
In 1967," the L&N Railroad completed construction of its bridge over St. Louis Bay in Bay Saint Louis, Mississippi, on the Mississippi Gulf Coast. A total of 2720 curb sections for ballast retention and pretensioned precast concrete railroad ties were also used. Every precast component of the structure was prefabricated at the plant; only the pile-filling concrete and cap-to-pile connecting concrete were site-cast (Fig.  25) .
The same team was selected to design a new bridge over Biloxi Bay in Biloxi Mississippi. The bridge was completed in 1979. This 6062 ft (1848 m) long bridge includes a 382 ft (116 m) Meanwhile, back east, the Long Island Railroad was one of the few northeastern railroads to use prestressed concrete extensively. The Hicksville grade crossing elimination project (Fig.  28) , designed in 1959, was the last of the Long Island Railroad's projects utilizing all cast-in-place concrete, which was typical of railroad viaducts in the area. The spans were 25 ft (7.6 m).
All the Long Island grade crossing eliminations are constructed in stages with two tracks of railroad relocated by a detour (Fig. 29) parallel to the existing alignment. With the right of way thus vacated, construction proceeds in the line of the original railroad bed. Long Island's first rail project using prestressed concrete, completed in 1970, was a project to eliminate crossings at grade in the communities of Wantagh and Seaford in Nassau County (Fig. 30) . The tracks are supported on prestressed box beams, 3 ft (0.9 in) wide by 2 ft 9 in. (0.8 m) deep on a span of 29 ft (8.8 m) (Fig. 31) . The boxes are co y- ered with butyl rubber waterproofing with asphalt plank protection, then ballast and track. Fig. 32 shows a closeup of the platform tee beams.
A total of 67,000 sq ft (6224 m 2) of box beams were used for the viaducts; the station platforms used 33,000 sq ft (3066 m2) of prestressed double tees.
The structure was designed by the New York State Department of Transportation, and turned over to the Long Island Railroad. The fabricator was Grand Prestressed, for Del Balso Construction Corp.
The Wantagh-Seaford project was followed by Amityville-Lyndhurst grade crossing elimination project. This project was the first use of prestressed concrete I-beams (Fig. 33 ) with castin-place concrete slabs for the Long Island Railroad. The I-beam depth is 5 ft 10 in. (1.8 m) with two girders for the average span length of 70 ft (21.3 m) (Fig. 34) . There are several spans over roads where the span is 102 ft (31 m) and four beams were used to support the track slab. The rails are attached directly to the slab by Landis fasteners (Fig. 35) , eliminating maintenance problems of ties and ballast and drainage. The total Iength of the viaduct is 17,535 ft (5345 m).
The station platforms are supported on prestressed I-beams having depths of4 ft 6 in. (Fig.  37) .
The total length of this viaduct is 4850 ft (1478 m). The canopy construction was modified for this viaduct with cast-in-place concrete piers used to support precast prestressed concrete planks with a width of 4 ft (1.2 m) and a depth of 12 in. (305 mm) (Fig. 38) . Platform spans varied from 30 to 43 ft (9.1 to 13.1 m). Construction was completed in 1977 by Horn Construction Co., Inc., with prestress fabrication by Grand Prestress.
Because of problems with pigeons roosting on the sloped bottom flanges of the I-beams utilized in AmityvilleLyndhurst, the railroad requested a precast shape with vertical sides for the _sir...... Massapequa Park grade crossing elimination project (Fig. 39) . Two 5 x 5 ft (1.5 x 1.5 m) prestressed box beams were chosen to support the track slab (Fig.  39) . Spans vary from 63 to 75 ft (19.2 to 23 m) for a total viaduct length of 1425 ft (434 m). The station platform is supported by two 3x5f1(0.9x1.5m)prostressed box beams with spans varying from 67 ft 6 in. to 89 ft 10 in. (20.6 to 27.4 m) (Fig. 40) . The canopy was constructed in essentially the same manner as the Amityville-Lyndhurst stations, with precast prestressed tee beams supported on concrete piers. in addition to the piles, pier caps, I's, tees and boxes that have been presented here, some railroads are upgrad- ing some of their old steel bridges by replacing timber decks which have outlived their purpose with precast slabs. The Santa Fe and Mopac railroads have utilized these extensively and a number of railroads have adopted this as a method of upgrading miles of trestle, with many miles to go.
J ust as bridge engineers in the United
States have adopted segmental construction for highway bridges, the future looks bright for railroad bridge designers to design longer spans by using segmental construction, as has been done in Australia and elsewhere.
Exemplifying the versatility of precast prestressed segmental construction, a dual track railway bridge was completed near Sydney, Australia, in early 1972 (Fig. 43) Because of the poor soil conditions, 92 inclined composite piles up to 166 ft (50.6 m) long were used to support the south abutment and piers (Fig. 44) . Segments were railed to the bridge : . a^ T t ' (Fig. 45 ) from an on site casting yard (Fig. 46) .
Six segments for each span were , placed on a 13-ft (4 in) deep steel .. falsework truss supported on two piers and temporary steel bent between the two piers with 18 in. (457 mm) spaces '. between segments (Fig. 47) . Tendons } were then pulled through the floor ducts prior to stressing (Fig. 48) .
The 18 in. (457 mm) concrete joint __ --__ was completed and upon reaching 5000 psi (34.5 MPa), 37 of the 55 tendons were stressed and then restressed after 10 days to recover losses. The remaining 18 tendons were stressed after the Fig. 44 . Driving prestressed concrete piles deck was cast.
(Como Railway Bridge). The old single track wrought iron bridge replaced by the Como Railroad Bridge can be seen in the background of Figs. 45 and 49.
During the same period, the Eastern Suburbs Railway in Sydney, Australia, completed two viaducts at Rushcutters Bay (Fig. 50) and Woolloomooloo (Fig.  51) .'5 These segmentally constructed viaducts (Fig. 52) carry two tracks of heavy rail transit as shown on the typical section (Fig. 53 ). They were designed for the Department of Railways, New South Wales, by Snowy Mountains Engineering Corporation, with Fowell, Mansfield, Jarvis and Maclurcan as architectural consultants.
Loading was to a standard N.S.W.G.R. electric train loading reduced to a uniform distributed load of 2.15 kips per ft (0.003 kg/m). As part of a flood control project in Arlington, Virginia, four new railroad bridges (Fig. 54) As reported by Ben C. Lerwick, Jr.,Y6 the Japanese have constructed their first prestressed concrete truss bridge for a railway line (Fig. 55) . Segments are match-cast in the plant using a new admixture (Sigma 1000) and low pressure steam curing. They are joined by past-tensioning, Several prestressed concrete bridges for mass transit structures have been built with fairly long spans. While the loads do not approach normal railroad "J '" ` loads, they are greater than typical highway loadings. Typical of these, in addition to the previously described Rushcutters Bay and Woolloomooloo viaducts in Sydney, is the Byker Viaduct in northeast England, which is an epoxy glued segmenta] railway bridge on a highly curved alignment (Fig. 56) . Constructed partly .
as balance-free cantilevers and partly Fig. 56 . Byker Viaduct, England.
by continuous cantilevering, the And so, after 30 years, railway bridge engineers have advanced from a 19 ft (5.8 m) prestressed slab to a two-span 180 ft (54.9 m) cable stayed bridge. How far can the spans of railway bridges reach with prestressed concrete? This question is left to be answered to the courage of the bridge railway engineers and those contractors who can adapt the state-of-the-art of bridge construction practice to the construction of railway bridges. It is undoubtedly clear that we have only scratched the surface in this area and that many opportunities lie ahead to be tapped,
